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ABSTRACT

To facilitate the study of surface conditions on ultrasonic

weldability, electrolytic polishing was used to obtain four types

of surfaces on copper and nickel silver (alloy D). A SO% ortho-

phosphoric acid bath was used, and the necessary operating condi-

tions to obtain these surfaces were established. In accordance

with current electrolytic polishing theory, the existence of the

anode viscous layer and anode surface film was observed, and their

role in the polishing process is discussed. By means of metallur-

gical techniques and surface profile measurements, it is shown

that the four types of surfaces are significantly different, and

good reproducibility of these surfaces are attainable. Statisti-

cal analysis of the data was employed to support the conclusions.

As an outgrowth of this experiment, a method for debarring nickel

silver contact springs has been established. Electrolytic polish-

ing theory and a comprehensive literature survey relevant to this

study are also presented.
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I INTRODUCTION 

A) Statement of the Problem and Introductory Remarks

In the electropolishing process the metal to be treated is the

anode in an electrolytic cell, and depending on the conditions of

operation and the solution used, the metal can be either etched,

polished, pitted, or polished with some pitting. These surfaces

are a function of the current density, which is affected to varying

degrees by voltage, temperature, agitation, anode to cathode dis-

tance, concentration of electrolyte and anode to cathode surface

area ratio. For a given set of parameters, if the anode current

density versus voltage is plotted, you can obtain a curve consist-

ing of four regions which correspond to the four types of surface

finishes mentioned previously.

The object of this thesis was to determine the required elec-

tropolishing conditions to produce various surface finishes con-

sistently, to enable a study of surface effects on ultrasonic

weldability. Inherent to the electropolishing phenomena, various

types of surface finishes can be obtained as described below. The

distinguishing characteristics and identification of these surface

finishes can be studied using profilometer measurements and standard

metallographic procedures. These methods were employed in the pre-

sent investigation and are discussed in more detail in the body of

the thesis.



Although electrolytic polishing is commonly used in industry

and research to obtain desired surface characteristics, the exact

mechanism involved has not been established. Current theories at-

tribute the observed phenomena of smoothing and brightening to the

presence of a viscous layer of reaction products around the anode

and to the formation of a thin film on the anode surface.

The smoothing action is controlled by the anode viscous layer.

The presence of this layer was observed, and for the copper/ortho-

phosphoric acid system, its formation as a function of time and

voltage was studied. In the etching region, where no smoothing

occurs, the anode viscous layer VMS not observed. For the copper

orthophosphoric acid system, many investigators have attempted to

detelmine the composition and properties of this layer. For instance,

Halfawy (1) has identified the salt obtained by crystallization from

the anode layer by its electron diffraction pattern as 4 COP205H20.

Laforque-Kantzer(12) has suggested that the dissolved salt is of

the type 1304(OH)CuH2.

The thin film on the anode surface controls the brightening action.

The existence of this surface film has been demonstrated by various

investigators. In the copper/orthophosphoric acid system, the

brightening observed in the fast gas evolution region cannot be

attributed solely to the anode viscous layer. In this region the

viscous layer is continually forming and collapsing and therefore

represents only a small part of the polishing mechanism.
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In summary, the electropolishing process results from continued

solution of the metal anode in such a way that irregularities on

the surface are removed and the surface becomes smooth and bright,

the chemistry of this anodic process being of a complex nature. A

general discussion relating to electrolytic polishing is presented

in the next section, and a literature review pertinent to this in-

vestigation is presented in section (IC). The remainder of the in-

troductory section is devoted to a discussion of the equipment and

procedure employed to obtain the experimental data. Section II per-

tains to the experimental observations and section III presents the

associated statistical analysis of this data. The remaining sec-

tions of the thesis are the conclusions, further areas of study and

the bibliography.
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B) Electrolytic Polishing Theory 

Electropolishing is an electrochemical process, the reverse of

electroplating, whereby metal is removed instead of being deposited.

An anodic viscous layer and surface film form during electropolish-

ing when current is applied. Under proper conditions it is these

effects which are believed to be primarily responsible for both the

observed smoothing and brightening.

The examination of a metal surface reveals that on a microscopic

scale the contour may be considered as a series of hills and valleys,

the depth of the valleys and distances between the hills depending

on the methods used to generate the surface. On a microscopic scale

the surface is more complex, since smaller irregularities are super-

imposed on the macroscopic hills and valleys. In order to obtain a

truly flat surface both the macroscopic and microscopic irregularitie

must be removed. Thus the distinguishing functions of an ideal pol-

ishing process are smoothing, that is the elimination of the large

scale irregularities (above one micron in size) and brightening,

that is the removal of the smaller irregularities (down to about

1/200 micron is size). Consequently, leveling of the coarse projec-

tions is called macropolishing, which is synonymous with smoothing,

and the dissolution of the microscopic irregularities is referred

to as micropolishing which is synonymous with brightening. Thus,

when macro- and micropolishing occur simultaneously, both smoothing

and brightening are observed. In certain instances, either can occur

independently of the other. However, as mentioned previously, the
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feature of an electropolishing process is that it combines both func-

tions.

Any complete theory of the mechanism of electropolishing must

explain both the smoothing and brightening of the metal surface.

Present theories attribute these effects to two distinct but related

processes. They are the presence of a viscous layer of reaction pro-

ducts around the anode and the formation of a thin film on the anode

surface. The existence of the anode viscous layer and the anode

surface film and the observations made by other researchers are

discussed in the next section, (IC). The present discussion will

be of a general nature, the purpose being to introduce these theoret-

ical concepts and show how they fit into the overall scheme of an

electrolytic polishing operation.

Electron diffraction studies have indicated that during elec-

tropolishing, an oxide (or hydroxide) film is formed by electrolytic

oxidation at the anode. This anode film covers the metal surface

being polished and is believed to be responsible for macro-polish-

ing, (see figure 1). The extreme portion of the layer continuously

dissolves into electrolyte, and during electropolishing suitable con-

ditions are established which maintains a constant anodic film thick-

ness. This equilibrium between the oxide formation on one side and

the rate of chemical dissolution into the electrolyte on the other,

allows the electron exchange between the metal being polished and

the ions of the electrolyte. If, as various experimenter's results

suggest,(3) the rate determining process during polishing is one of
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Figure 1. Schematic of electropolishing mechanism.



Figure 2. Schematic of current distribution on
irregularities during electropolishing.

7
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diffusion in the viscous layer, then the viscous layer controls the

rate of dissolution of the anode by controlling the rate at which

the products of the anodic dissolution can diffuse away. Conse-

quently, the smoothing or macro-polishing can be accounted for

qualitatively by the differences in the concentration gradient over

the peaks and valleys of the metal surface. Referring once again

to figure 1, it can be seen that at the peaks the anodic film is

thin and thus the concentration gradient is high, while in the val-

leys the film is thicker and the concentration gradient is lower.

Thus, preferential dissolution of the peaks occur, and the surface

is smoothed. Another qualitative aspect of the smoothing phenomena

is that a greater area is exposed on the projections, which are

therefore subject to greater current densities, thereby increasing

the rate of anodic dissolution, (figure 2).

While the concept of the anode viscous layer can account for

the smoothing process, it does not adequately explain the electroly-

tic polishing process, since the observed brightening must also be

resolved. A complete discussion of this phenomenon is presented

in the next section. In the present discussion, I would simply

reiterate that the formation of a thin film on the surface of the

anode is responsible for the brightening action. With this basic

background on electropolishing theory, a more rigorous presentation

can be made in the literature survey section of the thesis.
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C) Literature Survey 

The literature review comprising this section of the thesis

has been broken down into three subsections for clarity and ease of

presentation. These subsections are, the relation between anode

potential and anode current density, an amplification of the anode

viscous layer and anode surface film concepts, and the effects of

various parameters on the electropolishing process.

The relation between anode potential and anode current density

can best be explained by considering a simple electrolytic cell con-

sisting of two electrodes, an electrolyte and an external potential

source. To remain consistent with the information contained in

figure 3, which is reproduced from Tegart,(3) assume for the pre-

sent discussion that a potentiometric circuit is used as the ex-

ternal potential source. If an increasing potential is now applied

across the cell, and the cell is allowed to reach equilibrium at

each voltage change, then the anode potential, the cathode potential

and the voltage drop across the cell will be related to the anode

current density approximately as shown in figure 3. These curves

are characteristic of those obtained in cells where a limiting cur-

rent is produced by concentration over-potential. Further the con-

siderable drop in current from B to C is characteristic of the on-

set of some passivity process. However, in adherence to the strict

definition of passivity, since the metal still dissolves at an ap-

preOiable rate, this current drop is due to only partial passivity.



(a)

Potential refered to standard hydrogen electrode (V).

(b)

Cell voltage (V)

Figure 3. Curves of anode potential, cathode potential and
cell voltage as functions of anode current density
for copper in 900 g/1 orthophosphoric acid (potentio-
metric circuit). The regions on the cell voltage
curve can be distinguished. as: A-B etching; B-C
unstable; C-D stable plateau with polishing; D-E
slow gas evolution with pitting; E-F polishing with
rapid gas evolution.

1 0



Under such conditions of partial passivity it is reasonable to ex-

pect the values, of voltage and current density for any given portion

of the curves to vary, depending upon the manner in which the volt-

age is applied to the cell. However, the form of the curves will

remain the same. Referring once again to figure 3b, the surface

finishes mentioned previously can be related to specific sections

of this curve. Along AB the specimen is etched; at BC instability

occurs, and periodic oscillations of current density may occur;

along CD polishing occurs; along DE the surface becomes pitted;

and at higher voltages, point F and above, a polished and pitted

surface finish is obtained. The experimental results for copper

and nickel silver agree very well with this general curve, and a

more complete discussion of this aspect of the investigation is

presented in section II.

Mention Has been made to the presence of the anode viscous layer

and anode surface film. Consideration will now be given to the ex-

istence of these layers and the role they play in the electropolish-

ing process. The anode viscous layer has been observed by various

investigators for a variety of electropolishing systems. Microscop-

ic examination shows that in the region of constant current density

i.e. along CD in figure 3b, the surface of the anode becomes cov-

ered with a viscous layer which tends to stream off during the

polishing operation. In certain systems the anode viscous layer

is visible, i.e. when the electrolyte is colorless and the products

of solution are highly colored. In the Cu/orthophosphoric acid
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system, if a fresh electrolyte which is colorless is used, the anode

viscous layer can be observed, since the reaction products are col-

(4)
ored blue. P. A. Jacquet 	 microscopically observed the viscous

layer for the Cu/orthophosphoric acid system and found that at the

outer limit of the anode viscous layer there is an approximately

planar interface between the layer and the bulk of the solution.

He also observed that this layer fanned from the point B (figure

3b) onwards, and reached a constant maximum thickness of about

.005 cm. along the plateau CD. It is interesting to note that this

layer is not observed for conditions corresponding to the region

AB in figure 3b, the etching region. Thus it can be concluded

that since the layer is of constant thickness along the polishing

plateau, the associated increase in resistance of the cell between

the points B and D is related to this layer of electrolyte rich in

dissolved metal and that this layer plays a part in the mechanism

of polishing. Further evidence of the role the anode viscous layer

plays in the polishing process has been reported by H. F. Walton.(5)

He used a copper specimen in the form of a horizontal disc as the

anode, and rotated it rapidly in an orthophosphoric acid solution.

When the speed of rotation was sufficiently high, only the center

of the disc was polished, while outside this area etching occurred.

This was attributed to the linear velocity being so great that tur-

bulence was set up and the viscous layer could not form at the ex-

tremities of the disc. When the cell voltage was raised, thus

increasing the rate of solution of the metal, the zone of polishing
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was extended. Walton attempted to obtain the composition of the

anode viscous layer, however because of its complex chemical nature

and because of the difficulties in sampling his results were nec-

essarily qualitative. He reported that the anode viscous layer con-

sisted of a supersaturated solution of copper phosphate in which

the high concentration of copper leads to a marked increase in vis-

cosity. Subsequent investigations of the anode viscous layer with

more sophisticated techniques have yielded quantitative results.

6)For example, Halfawy (1,6) reported that the salt obtained by

crystallization from the anode viscous layer has been identified

by means of its electron diffraction pattern as 4(Cu0.P205.H20).

A possible criticism is that this formula does not necessarily

represent the compound in solution. Laforque-Kantzer(2) has shown,

by infra-red spectrography of the layer itself, the occurrence of

free and combined hydroxyl ions, and suggests on the basis of chem-

ical and acidimetric analysis, that the dissolved salt is of the

type PO4(OH)CuH2. However, regardless of the composition of the

viscous layer, it has been shown that there is a correlation be-

tween the polishing observed and the presence of the anode viscous

layer. Based on the above literature review, it has been shown

that the concept of the anode viscous layer is a real entity and

not a theory proposed by a prominent electrochemist. Utilizing

this premise a mechanism of electropolishing may now be proposed

which will account for the observed smoothing and brightening.

However, before discussing a polishing mechanism it is more
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appropriate to consider the anode surface film and its role in the

polishing process.

Walton(5) showed that the conductivity of the viscous layer

for the Cu/orthophosphoric acid system was approximately 2 x 10-2

ohm-1cm -1 . This results in a resistance for the layer of 2.5 ohm/

cm2 , for a thickness of .05 cm. However, the resistance for this

system varies between 10 to 23 ohm/om 2 
along the plateau, thus the

viscous layer contributes only a tenth to a quarter of the observed

resistance. It is therefore clear that some additional factor is

involved, and there is now considerable evidence suggesting that

the formation of some sort of film on the anode surface plays an

important role in the polishing process. Hoar and Farthing(7)

studied the wetting of a copper surface by mercury under conditions

of etching and polishing in orthophosphoric acid. In the etching

region the mercury wet the surface, whereas in the polishing region

it failed to do so. This absence of wetting was attributed to the

existence of a surface film, which is consistent with the fact that

mercury will not wet a copper specimen that has been heated in air

so as to produce a thin oxide film. Additional evidence of the

anode surface film was reported by Meunier,(318) who studied the

periodic oscillations of current and voltage which usually occurs

in the unstable region of the anode current density vs. voltage

curve (region BC in figure 5b). He concluded that the observed

periodic oscillations were due to the periodic growth and destruc-

tion of a thin oxide film on the surface of the anode. It should
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be noted that this film appears more readily on a surface which has

been prepared by abrasion. This was the case for the present ex-

periment, and the periodic oscillations in the unstable region were

clearly evident.

Direct experimental evidence for the existence of the anode

surface film is difficult to obtain. Since the fain is so thin,

it usually dissolves during removal of the anode from the cell, or

if a film is noted, it may have formed by oxidation of the polished

surface on exposure to the atmosphere. However, indirect evidence

for the existence of the anode surface film can be obtained by

studying the decay of the anode potential when the applied voltage

is cut off after polishing. H. Lal(9) performed studies of this

nature for the Cu/orthophosphoric acid system, and found that the

electrode potentials immediately after cut off were more positive

then the reversible oxide potentials. He attributed this behavior

to a special type of surface oxide with properties different from

those of a bulk oxide, and suggested that the interface consisted

of adsorbed oxygen and/or a thin surface oxide film. Lai also ob-

served a distinct difference between polishing and non-polishing

systems. Namely, when polishing was observed, the potential decay

period was Short, approximately a twentieth of a second. In non-

polishing systems the decay period was long and varied fran several

seconds to minutes. Assuming that there is a relation between the

potential decay period and the thickness of the anode surface film

present during polishing, these observations suggest that the anode
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film is extremely thin, probably only a few atomic layers thick.

Therefore, it is likely that the film undergoes a continuous process

involving dissolution by the electrolyte and renewal by metal from

the anode. The presence of the anode surface film can be used to

explain the brightening which is observed in cases where copious

gas evolution occurs (e. g. at high current densities, region EF

in figure 3b). Under these conditions the anode viscous layer ex-

erts little influence, since it is continually breaking down and

regenerating and does not attain a steady state condition. The

_existence of this extremely thin anode surface film also provides

an explanation for the difference between etching and brightening

conditions. If the electrolyte has free access to the surface of

the anode, etching results because dissolution of the metal occurs

preferentially from sites of higher energy (e. g. grain boundaries).

However, to obtain a bright surface, such preferential attack must

be prevented, enabling dissolution of the microscopic irregularities

as discussed in section IB. This is the role of the anode surface

film, to act as a barrier to preferential attack of the anode.

Although the exact role of the surface film is uncertain, a qual-

itative explanation has been proposed. Assuming the film follows

the contours of the surface and is attacked uniformly by the elec-

trolyte, to maintain the film, the passage of metal ions across

the metal-film interface must occur at the same rate at all points.

This causes brightening, since such uniform removal of metal from

a surface will dissolve the microscope irregularities.
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Now that the evidence and the role played by the anode viscous layer

and anode surface film have been explained, we may direct our at-

tention to the statement of an electropolishiag mechanism. The

proposed mechanism must be consistent with the roles of the anode

viscous layer and anode surface film and must be of a general na-

ture. Consequently, the mechanism which fulfills these requirements

appears to be the diffusion mechanism. This mechanism as applied

to the anode viscous layer, resulting in smoothing or macro-polishing

was discussed in section IB. In brief, the ions of the metal are

dispersed from the anode by diffusion in the viscous layer. Since

the rate of solution at any point on the surface is determined by

the concentration gradient, as described in section IB, the asper-

ities will be dissolved first. The basic diffusion mechanism as

(¹0,¹¹)presented above was originally stated by Elmore. 	 This

basic approach must be modified somewhat to explain micropolishing.

Halfawy(6-) has proposed a theory of polishing different from that

of Elmore. He suggested that it was not so much the diffusion of

metallic ions that controlled the dissolution of the metal, but the

distribution of the anions over the asperities and depressions on

the anode, under the action of the electric field and viscosity.

Edwards (12) developed this concept into the Acceptor Theory. Using

an extremely sophisticated technique, he showed that the change in

the macroprofile of copper during polishing in phosphoric acid is

comparable with that deduced theoretically on the basis of the pri-

mary distribution of the current, the dissolution being entirely
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controlled by diffusion.() Wagner(14) performed a mathmetical

analysis of an ideal electropolishing process, based on a mechanism

of diffusion of the acceptors, and the macroprofile deduced from

his analysis agreed with Edward's observations. This analysis also

lead to the conclusion that the smallest asperities disappeared

first, i.e. micropolishing precedes macropolishing. Considerable

evidence has been gathered which attributes the observed micropol-

ishing to the existence of a thin anode surface film. The diffusion

mechanism of electropolishing involving the transistory formation

of a thin solid film is consistent with Edward's theory of accep-

tors. The anode viscous layer serving as a screen for the arrival

of acceptors at the surface is still the fundamental concept. The

presence of a thin anode film of salt crystallizing from such a

layer, rich in the products of solution, or the discharge hydroxyl

ions leading to the formation of oxides are secondary reactions,

which play an important role in the observed micropolishing.

Other theories have been proposed to explain the electropol-

ishing process. The Passivation Theory of U. R. Evans(15) was

based on the passivation of the depressions in the anode surface.

The Ionic Adsorption Theory of Darmois
(16) and his collaborators

involved the adsorption on the anode of the anions present in the

electrolyte. Other theories which have found little support are

those of Yozdvizhensky, (17) Mercadie (18) and Knuth-Winderfeldt. (19)

The literature associated with the anode viscous layer and
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anode surface film concepts have been reviewed and related to a gen-

eral electropolishing mechanism. A further literature survey deals

with the more practical aspects of electropolishing theory, namely

the effects of various parameters on the electropolishing process,

primarily with the Cu/orthophosphorie acid system.

One of the factors considered by previous investigators is

temperature. In general the resistance of an electrolyte decreases

with increasing temperature, and thus the voltage required to give

the same current density is less, per Ohm's Law. It has been found

empirically(20) that the voltage, V, required to maintain a given

current density is given by the equation,

V=K/(ae b)

where o is the temperature, and K, a and b are constants determined

by the conductivity of the electrolyte, the dimensions of the cell

and the current passing through the cell. From this equation it

is seen that as the temperature increases the power required to main-

tain a given current density is lowered, indicating for economy use

higher temperatures. However, at high temperatures the viscosity

of the bath decreases, making it more difficult to maintain the

anode viscous layer. Thus, the effective operating temperature,

must be a compromise between conflicting effects.

Honeycombe and Hughen(²¹) determined the relation between anode

potential, and current density at various temperatures for an elec-

trolyte containing 522 grams/liter of orthoposphoric acid. At each
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temperature the length of the polishing plateau was the same, but

the plateau occurred at different current densities. As the tem-

perature was increased the limiting current density also increased,

but at the higher current densities the polish became uneven.

Hickling Higgens(22) found little change in the limiting current

density for a dilute orthophosphoric acid electrolyte (98 grams/li-

ter), when the temperature was increased from 20 to 70 degrees C.

However, in more concentrated solutions the current density increas-

ed rapidly with temperature, e.g. with 784 grams/liter orthophos-

phoric acid the limiting current density at 50° C was 2.5 tines the

value at 20° C. This figure agrees with the results of Honeycombe

and Hugen who noted an increase in current density of about 2.2

times when the temperature was raised from 22° C to 50° C for a

522 gram/liter orthophosphoric acid electrolyte.

Another parameter which will effect the polishing process is the

concentration of the electrolyte. Honeycombe and Hughen(21)deter-

mined the relation between anode potential and current density at

roan temperature for a range of concentrations of orthophosphoric

acid from 65 to 1570 grams/liter. They found that the polishing

plateau occurred over approximately the same range of voltages,

but the limiting current density varied with the concentration.

The curve of limiting current density versus concentration of

electrolyte showed a maximum at a concentration of about 300grams/-

liter, For each concentration of electrolyte, a copper specimen

was polished for ten minutes at a voltage corresponding to the
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Middle of the polishing plateau and the surface, finish was noted.

The most satisfactory, uniform polish occurred at a concentration

of 522 grams/liter, the limiting current density being 3.88 A/dm² .

Some qualitative results have been reported by Hickling and

Higgens(²²) on the effect of viscosity on the polishing process.

They found that the limiting current density was inversely propor-

tional to the viscosity for othophosphoric acid solutions contain-

ing varying amounts of glycerol. Because the three variables, tem-

perature, concentration and viscosity have an effect on each other,

this interaction or confounding makes it difficult to study the ef-

fect of these parameters on the polishing process.

Another parameter which effects the polishing process is agi-

tation of the electrolyte. During electrolytic polishing under

steady state conditions, the reaction products tend to accumulate

about the anode. In some cases, diffusion and convection cannot

,supply sufficient fresh electrolyte to the anode, and agitation is

required to remove some of the reaction products and maintain the

viscous layer at the optimum thickness for polishing. However, ex-

: cessive agitation can prevent the formation of the viscous layer

and thus polishing would not be achieved. Hickling and Higgens(22)

found that mechanical stirring increased the limiting current density

by a factor of 3 to 5 times. In many cases the best results are ob-

tained by rotating or oscillating the anode, rather than by agitating

the electrolyte. However, since higher current densities are re-
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.quired for a moving anode in order to maintain the viscous layer,

and since an additional variable is introduced, if satisfactory re-

sults are obtainable without agitation, then this variable should

be excluded from the procedure.

Other factors which must be considered are the initial surface

preparation, time of treatment, size of electropolishing system,

anode to cathode surface area ratio and anode to cathode spacing.

In general the polishing time decreases with increasing fineness of

the initial finish. However, the uniform current density and lack

of concentration gradients on a smooth surface may result in a rel-

atively slow increase in metal ion concentration around the anode,

and thus the establishment of polishing ocnditions may require a

longer time with a smooth surface than a rough surface. If the in-

itial finish is too rough, the time required to produce a smooth

surface is long, and the amount of metal removed is excessive. Gen-

erally it is good practice in a laboratory type experiment to mech-

anically polish all of the test coupons the same way, to eliminate

this parameter from effecting the experimental results. Besides

the initial state of the surface, the metal and the electrolyte

utilized also influence the time necessary to obtain a given polish.

However, as an approximate general rule it has been found that the

time of treatment is inversely proportional to the current density.

This experimenter noted that for a given current density there was

an optimum time for the best polish and treatment for longer times

resulted in a poorer surface finish. The anode to cathode surface



area ratio affects the voltage range over which the polishing plateau

exists. The present study indicated that for an anode to cathode

ratio of approximately l:l, the polishing plateau was not clearly

defined. However, by increasing the cathode to anode surface ratio

to l.65:1, the polishing plateau extended over a 1 volt range. Sim-

ilar results were reported by Honeycombe and Hugan(²¹). The effect

of anode to cathode spacing shows up in the limiting current density,

since this spacing influences the internal resistance of the cell.

With regards to industrial applications of electrolytic polishing,

an important factor is the size of the system. Because changes in

the size of the system cause considerable changes in the operating

conditions, many times the electrolyte used for an industrial appli-

cation differs from that used to polish the same metal on a labora-

(²³) havetory scale. Agar and Hoar 	 have shown that for two cells A ti B

which differ only in size, to be equivalent the ratio l/K must be

constant. That is, for the current densities and potentials in both

cases to be the same at all corresponding points in the two cells,

the length of line joining two corresponding points on the electrodes

in the cells (l) and the specific conductivity (K) in the ratio l/K

must be constant. Thus K must be altered for any change in l.
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ID) Procedure and Equipment 

A literature search revealed that considerable work had been

done on the Cu/H3PO4system. Consequently, orthophosphoric acid,

was used to study electropolishing of copper. Certain parameters

were held constant (temperature and degree of agitation) while cell

voltage, concentration, anode to cathode distance, and anode to

cathode surface area ratio were varied. Concentration changes in-

fluence the polishing process, because of the dependence of current

density on this parameter. A 50% H3PO4solution was found to yield

the desired results. To facilitate adjustments of the bath and main-

tain this concentration, specific gravity measurements were taken

periodically. The data shown in figure 4 indicates that the con-

centration of the bath can be obtained by performing specific grav-

ity measurements. The anode to cathode surface area ratio affects

the voltage range over which the polishing plateau exists. When

the anode to cathode ratio is approximately l:l, the polishing

plateau is not clearly defined (Figure 7). By increasing the

cathode to anode surface area ratio to l.65:l, the polishing plateau

extended over a 1 volt range (Figure 6). Similar results were ob-

tained by Honeycombe and Hughan (l,21). Considerable sludge build-

up was obtained on the copper cathode of the electrolytic cell.

By increasing the cathode to anode surface ratio, this problem was

made less severe. Masking the back of the cathode with a. vinyl

spray also helped to minimize this problem.
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Figure 4. Specific Gravity vs. Concentration H3PO4

Data from Handbook of
Chemistry and Physics

% H3 PO4



26

The final parameters used for treating copper were: 50% ortho-

phosphoric acid (sp. gr . = 1.335); room temperature; no agitation

or oscillation of either electrode; l-l/2" electrode spacing; anode

to cathode surface ratio of 1:1.65; varying the voltage from 1 to

7.8 volts. The experimental procedure consisted of mechanically

removing the oxide from the surface using 600 grit paper and ultra-

sonic cleaning of the surface with trichloroethYlene. The polish-

ing bath has to be "broken in", by operating at low voltages for

about two hours.

The surfaces obtained were examined metallographically, and

to obtain quantitative data, thereby enabling a statistical anal-

ysis of the results, surface profile measurements were made using

a Talysurf Profilometer. Typical Talysurf traces and the associ-

ated data are presented in figures 8 and 9, for four samples, one

from each region on the anode current density vs. voltage curve.

The thickness of material removed for these four samples Was ob-

tained by the weigh, process, reweigh technique.

A similar procedure to that mentioned above was followed to

determine the operating conditions required to obtain the four types

of surface finishes using a nickel silver anode. The final choice

of using a 50% orthophosphoric acid bath, instead of those baths

recommended in the literature, is discussed in a later section of

this report.
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The equipment used to perform the experiment was standard for

electropolishing studies. A selenium rectifier was used as the powe:

supply, and it was connected in a potentiometric circuit as shown

schematically in figure S. Oxygen free high conductivity copper was

used as the electrodes, and a plexiglass fixture was designed and

built to facilitate the handling of the copper and nickel silver

coupons. Reagent grade orthophosphoric acid was used as the elec-

trolyte, and a standard battery jar accommodated the electrolyte

and electrodes. A standard ammeter and voltmeter was employed to

measure the current and voltage. Metallographic studies were made

with a Leitz Metallograph and the profile measurements with a

Talysurf (model 3) Profilometer.
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Figure S. Schematic of experimental set-up.
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II) EXPERIMENTAL OBSERVATIONS 

A) Electropolishing of Copper 

The introductory section of the thesis has provided the theo-

retical background and discussed the procedure followed to obtain

the data to be discussed in this section. The discussion relating

to the electropolishing of copper will be broken up into three seg-

ments: Metallurgical examination of the surfaces and its relation-

ship to the anode current density vs. voltage curve; Talysurf Pro-

filometer measurements; Observations pertinent to the anode viscous

layer.

l) Metallurgical examination of the surfaces. As mentioned

previously, all of the coupons processed were metallurgically exam-

ined with a Leitz Metallograph. With reference to figure 6, it is

seen that changes in the surface condition during treatment can be

related to specific sections of the anode current density vs. volt-

age curve. The data for curves 6 and 7 are given in Tables I and

II on pages 39 and 40 • From A-B is called the etching region;

the micrograph shows the structure of the copper, which was cold

worked as indicated by the small grain size. Copper oxide impu-

rities are also present. This treatment removes approximately

.0004 inches of metal in 300 seconds. The surface has a dull,

satin finish, indicating the anode viscous layer does not form in

this region. From B-C is the unstable region, characterized by

periodic oscillations of current and voltage. These periodic
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Anode
Current
Density
amps/dm2

FiTAte 6

H3PO4 - 50% Solution

ELECTRODE SPACING - 1.5"
ANODE-CATHODE AREA

RATIO - 1:1.65
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Figure 7.

H:iPO4 - SO% solution
Electrode spacing - l.5"
Anode to cathode area
ratio - l:l.05

Voltage
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oscillations that occur before polishing conditions are established

have been attributed to cycles of passivation and activation.(24)

For both the copper and the nickel silver systems these oscillations

were observed. The region from C-D is the polishing plateau, char-

acterized by a constant current density (called the limiting current

density). The micrograph shows the smooth surface associated with

this region; the black spots are oxide impurities observed previously.

At these conditions about .0007 inches of metal is removed in 500

seconds. The anode viscous layer forms from point C onwards, and

according to Jacquet,(l) reaches a constant maximum thickness of

about .005 cm. along the plateau CD. Along D-E exists the slow gas

evolution region, which results in a pitted surface consisting of

many "hills and valleys". About .0006 inches of metal is removed

in 300 seconds. Beginning at point D, oxygen is liberated at the

anode, and the bubbles adhere to the surface and produce relief

effects; the metal is still brilliant though rough.

The liberation of gas becomes increasingly vigorous along the

branch of the curve, DE, giving way to the fast gas evolution region

fran E-F. At very high current densities, in the fast gas evolution

region, a good polish can again be obtained. The micrograph shown

is for a specimen treated at 6.0 volts and a current density of 45.2

amps/dm², resulting in a smooth but slightly pitted surface. At

these conditions .0011 inches of metal was removed in 300 seconds.

The curve in Figure 6 was separated into three portions and a
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regression analysis using the method of least squares was used to

get the "best fit" model for the data obtained. In the etching

region, a complex polynomial model is required to fit the curve and

explain the blip (unstable region) predicted by the current electro-

polishing theory. On the polishing plateau the simple model

Y=T= 7.81 was the best fit model. In the gas evolution region a
X²

quadratic regression model, Y = -16.84 + 7.05X + 0.424x² gave the

best fit. The details of the curve fitting are presented in section

III of the thesis.

2) Talysurf profilometer measurements. Referring to the data

in table I, run III, the indicated coupons, namely samples F, M, R,

and U were selected as representative of the surface finishes obtained

over the four regions of the anode current density vs. voltage curve

as shown in figure 6. To determine if there were significant differ-

ences between the four types of surfaces, and if it were possible to

consistently produce these surfaces, a test yielding quantitative data

was required. As a result, the surfaces produced were evaluated with

a Talysurf, a sensitive device for measuring surface profiles. Five

specimens for each of the four regions were prepared, and typical

Talysurf traces and the associated data are presented in figures 8

and 9. By means of various statistical techniques, such as the Runs

Test, t Test, and 7:and R chart, it was concluded that: there was

good consistency among samples given the same treatment; four differ-

ent populations existed (i.e. the surfaces obtained from each of the
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Etching region Samplg III F
4000 A/divigion

= 13,200 A
S = 7320 X

Polishing Plateau Sample III Mc
1,000 X/division

= 1300 X
S = 710 X

Figure 8. Talysurf traces for copper, etching region and polishing
plateau.
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Slow gas evolution region Sample All Rb
100000 4/0-0019P
X = 36,000 A
S = 23,800 X

Fast gas evolution region Sample III Ua
4000 A/diviAion
. 10,000 A

S = 6400 X

Figure 9. Talysurf traces for coppers slow and fast gas evolution
regions.
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four regions on the current density vs, voltage curve were signifi-

cantly different). The details of the above mentioned statistical

analysis are discussed in section III.

3) Observations pertinent to the anode viscous layer.  The exist-

ence of the anode viscous layer, and its role in the polishing process

has been discussed in detail in section I. The purpose of this section

is to present quantitative data for the time required to form this

layer at various voltages, specifially over the polishing plateau and

in the slow gas evolution region. Figure 10 is a plot of anode

current density vs. time, in the Cu/H3PO4 system, for various voltages

along the polishing plateau. It takes about 200 seconds for the anode

viscous layer to foLm, after which smoothing occurs. As would be

expected along the polishing plateau, all of the curves level off

at approximately the same current density; that is, the limiting

current density for the specific conditions of the run. Figure 11 is

a plot of anode current density vs. time, in the slow gas evolution

region, for the Cu/H31)04 system. As the voltage increases, the anode

viscous layer forms more rapidly and the limiting current density

increases. In the region of fast gas evolution, the anode viscous

layer forms almost instantly, but then breaks up, resulting in a cyclic

process of forming and collapsing.



37

ANODE CURRENT DENSITY VS TIME

Figure 10. Anode current density vs. time for the polishing plateau.
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ANODE CURRENT DENSITY VS TIME

Cell Voltage

C.D.

amps
TiT-1172-

Time (Seconds

Figure 11. Anode current density vs. time for the slow gas
evolution region.
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Table I 

	Amps	 Anode 	 C.D.
Sample # 	 Voltage 	 Current 	 area cmZ 	 amps/dm2 Time (sec.)

E 	 l.0 	 .25 	 24.95 	 l.00 	 600

(F) 	 l.2 	 .57 	 21.5 	 2.65 	 600

G 	 l.4 	 .83 	 23.2 	 3.58 	 600

H 	 l.6 	 1.5² 	 23.2 	 6.55 	 600

H' l.7 	 l.72 	 ²2.8 	 7.54 	 600

I 	 l.8 	 1.97 	 ²2.6 	 8.7² 	 600

I' 1.9 	 l.73 	 22.4 	 7.73 	 300

J 2.0 	 1.83 	 22.4 	 8.17 	 600

K 2.² 	 l.7² 	 ²l.9 	 7.85 	 600

L 	 2.4 	 1.74 	 ²2.2 	 7.85 	 600

(M) 	 2.6 	 l.81 	 22.8 	 7.94 	 600

N 	 ².8 	 l.73 	 22.8 	 7.58 	 350

o 2.9 	 1.78 	 22.8 	 7.82 	 450

P 	 3.0 	 l.92 	 22.8 	 8.42 	 400

Q 	 3.2 	 2.17 	 ²2.5 	 9.66 	 350

(R) 	 3.4 	 2.68 	 ²3.0 	 11.65 	 400

S 	 3.6 	 3.02 	 22.4 	 13.42 	 350

T 	 6.0 	 9.3 	 2².8 	 40.3 	 100

(U) 	 6.0 	 9.5 	 22.8 	 41.6 	 350

V 	 7.8 	 14.5 	 ²2.8 	 63.7 	 50

Run III
50% H3PO4
1.5" Electrode spacing
Anode to cathode area ratio- l:1.65

Note: The enclosed ( ) sample numbers were the ones chosen to obtain
the four types of surfaces desired according to the experiment.
Subsequent analysis dealt with these four samples.
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Table II 

	

Amps 	 Anode 	 C.D.
Sample # 	 Voltage 	 Current 	 area cm² ampsidm2 	 Time (sec.)

E l.0 	 .26 	 22.6 	 l.15 	 600

F 	 l.² 	 .65 	 22.6 	 2.88 	 600

G 1.4 	 l.00 	 22.6 	 4.43 	 600

H l.6 	 l.21 	 22.2 	 5.45 	 600

H' 1.7 	 1.40 	 22.2 	 6.3² 	 600

I 	 l.8 	 1.48 	 22.² 	 6.67 	 600

I' 1.9 	 l.55 	 ²2.2 	 6.98 	 600

J 2.0 	 1.60 	 22.2 	 7.2² 	 600

J' 	 2.1 	 l.60 	 22.2 	 7.22 	 600

K 2.2 	 l.67 	 22.2 	 7.53 	 600

L 2.4 	 l.55 	 ²2.2 	 6.98 	 600

M 	 2.6 	 1.56 	 ²2.0 	 7.09 	 600

N 2.8 	 l.60 	 22.0 	 7.28 	 600

O 3.0 	 1,80 	 22.2 	 8.12 	 600

P 3.2 	 ².15 	 22.2 	 9.68 	 350

Q 	 3.4 	 2.30 	 21.7 	 10.60 	 350

R 	 2.3 	 l.57 	 22.0 	 7.15 	 600

S 	 2.5 	 l.56 	 21.9 	 7.12 	 600

Run II
50% H31,04
l.5" Electrode spacing
Anode to cathode area ratio - l:l.05
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B) Electropolishing and Electrodeburring of Mickel Silver 

While pursuing the electropolishing of copper investigation,

interest was shown by the finishing group (at Western Electric,

Kearny Works), in an electropolishing process which would be capable

of deburring nickel silver contact springs. Consequently, the same

approach as applied to the copper research was performed with nickel

silver coupons. The anode current density vs. voltage curve was

determined, and each specimen was examined metallographically. By

so doing, the appropriate region of the curve where deburring may

be accomplished, could be observed. However, before this approach

could be pursued, it was necessary to determine the electrolyte best

suited for this study.

l) Choice of bath for treating nickel silver. A brief review

of the infoLmation gathered from a search of the literature, espe-

cially the patents of C. L. Faust, (26 ' 27,28) is presented to show

how the final bath was established. The basic bath for treating

nickel and its alloys is:
wt.%

H
3
PO

4

H 2SO4 	 15

.0 	 27 H20

Temp. 	 115 - 130

The disadvantage of this bath is that the nickel removed from the

anode precipitates as NiSO4 on the heating coils and cathodes causing

inefficient polishing, via increased voltage and heating requirements.
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The additions of trivalent aluminum and chromium allows the bath to

be operated at conditions which decrease the amount of NiSO4 pre—

cipitated, thereby requiring less reconditioning of the bath. The

addition of chloride (HCl) instead of AL+++ and Cr 	 causes the

undissolved nickel to plate out on the cathode, thus eliminating

the NiSO4 precipitation problem. It also enables operation at

lower temperature and current density, and although the HC1 is not

essential for the production of a brilliant mirror-like electro-

polish, the addition of small percentages of HCl does serve to make

possible continuous operation without appreciable precipitation of

nickel salts, change in viscosity or increase in tank voltage.

Accordingly, .08 wt. % of HCl was added to the basic bath, and a

temperature of 100° F was maintained. The polishing plateau was

about 3 volts; however, a preferential attack of the nickel was

observed, causing pits and the formation of CuSO4 on areas of ex-

posed surface copper. Very short operating times (about 50 seconds)

were required to eliminate this condition but did not give the

desired results. Consequently, various additions to the basic bath

were tried in an effort to eliminate this problem. Since the nickel

silver was alloy D, with a composition: 12% Ni, 29% Zn, 59% Cu;

H3PO4 by itself was tried, since this bath could be used for copper

alloys. The H2SO4 component in the basic bath was necessary because

the H
3
PO

4 by itself does not have good throwing power. Since the

test coupons were flat, this effect was not noticeable when the 50%

orthophosphoric acid bath was used. The results were similar to that
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of copper (Figure 12)0 and in the fast gas evolution region, it was

observed that deburring could be accomplished. Section (II-B3) dis-

cusses the deburring of nickel silver springs.

2) Electropolishing nickel silver. As mentioned previously,

all of the coupons processed were metallurgically examined by a

Leitz metallograph. The resulting anode current density vs. voltage

curve is analogous to that obtained with copper, and is in accord

with the typical curve discussed in section I. The curve is pre-

sented in figure 12 and the associated data given in table III.

Comparing figure 12 with figure 6, it is seen that the curves are

very similar, except for the shorter polishing plateau and shallower

unstable region obtained with nickel silver. The analysis of the

curve with respect to the four regions, is similar to that presented

for copper. The significant difference is that in this case, the

anode was an alloy. As a result, the micrographs show areas of pre-

ferential attack due to heterogeneous clusters of the alloy con-

stituents.

The required operating conditions to obtain the four types of

surfaces on copper and nickel silver are summarized in table IV.

In both cases, a 50% H3PO4 solution was used; the electrode

spacing was l.5"; the anode to cathode area ratio was l:l.65 for .

copper and 1:l.30 for nickel silver.
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Table III

	

Amps 	 Anode 9 	 C.D.
Sample # 	 Voltage 	 Current 	 area cm- 	 ampsidm2 	 Time (sec.)

A 	 1.0 	 .65 	 26.8 	 2.42 	 300

(B) 	 1.2 	 1.13 	 26.8. 	 4.22 	 300

C 	 1.4 	 l.58 	 26.4 	 5.98 	 300

D l.6 	 l.90 	 26.8 	 7.10 	 300

E 1.8 	 l.98 	 26.8 	 7.39 	 300

F 	 2.0 	 l.94 	 26.8 	 7.24 	 300

G 	 2.2 	 2.00 	 27.4 	 7.30	 300

(H) 	 2.4 	 ².00 	 27.4 	 7.30 	 300

I 	 2.6 	 2.32 	 26.9 	 8.63 	 300

J 2.8 	 3.10 	 28.4 	 10.92 	 300

K 3.0 	 3.42 	 28.0 	 12.22 	 300

L 	 3.2 	 3.75 	 29.1 	 12.90 	 300

(M) 	 3.5 	 5.10 	 28.8 	 17.70 	 300

N 4.0 	 7.20 	 28.6 	 25.10 	 300

P 	 5.0 	 10.40 	 28.l 	 37.00 	 100

Q 	 6.0 	 15.00 	 29.1 	 51.60 	 300

R 	 7.0	 19.60 	 29.0	 67.70 	 200

(S) 	 7.0 	 18.00 	 19.4 	 93.00 	 200

Run II, Nickel silver
50% H3PO4
l.5" Electrode spacing
Anode to cathode area ratio - l:l.30



COPPER

Current den- 	 Tine
amps

Surface 	 Voltage e 	 sity dm- 	 (sec)

Etched 	 1.6 	 6-7 	 600

Smooth 	 2.6 	 7.7-8.2 	 SOO

Pitted 	 3.4 	 11.5-12.5 	 300

Smooth and
Slightly Pitted 	 6.0 	 41-47 	 300

NICKEL SILVER

urrent .en- 	 tine
amps

Surface 	 Voltage 	 sity dm² 	 sec)

Etched 	 l.2 	 4-5 	 300

Smooth 	 2.4 	 7.l-7.5 	 300

Pitted 	 3.4 	 17-18 	 300

Smooth and
Slightly Pitted 	 7.0 	 90-100 	 200

46
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3) Electrodeburring.of nickel silver contact springs. While

treating the nickel silver coupons, it was observed that in the fast

gas evolution region, the removal of small burrs was achieved. To

pursue this further, a batch of nickel silver contact springs,

which exhibited the usual burrs from a blanking operation, was

obtained from the Kearny Works. The contact spring which is shown

in figure 13, is one of a variety of shapes manufactured at Western

Electric, Kearny Works. The springs are held with a bayonet placed

through one of the holes. They are then degreased, and annealed on

the back edge of the spring, to enable a severe forming operation in

this area. It is during this annealing operation that the burrs are

objectionable. The burrs cause random spaces in the stack, resulting

in a non-uniform anneal. As an outgrowth of this study, it has been

established that deburring can be accomplished in the fast gas evolu-

tion region. The transition from laboratory to shop must be made; if

this is possible, by including a deburring step in the manufacturing

sequence, this problem can be eliminated. To date, this transition

has not been achieved. Figures 14 through 16 show various areas of

the specimen before and after deburring. The operating conditions

were the same as those given in table IV, except that deburring times

of 60 to 100 seconds were sufficient, and the cathode to anode ratio

was quite high. Figures 14a and 14b show the region in one of the

holes of the spring before and after deburring, at a magnification of

80X. Figures ISa and lSb are the same as those of figure 14, except

the magnification was increased to 160X. Figures 16a and 16b show an
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edge of the spring before and after deburring, at a magnification of

160X. The surface finish of the springs was similar to that obtained

on the coupons.



Figure 13. l.7X, Nickel silver contact spring manufactured at
Western Electric, Kearny Works.
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Figure 14a. 80X, Hole region of nickel silver contact spring before
deburring.



Figure 14b. 80X, Hole region of nickel silver contact spring after
deburring.
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Figure 15a. 160X, Hole region of nickel silver contact spring before
deburring.



53

Figure 15b. 160X, Hole region of nickel silver contact spring after
deburring.
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Figure 16a. 160X, Edge region of nickel silver contact spring before
deburring.
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Figure 16b. 160X, Edge region of nickel silver contact spring after
deburring.



III STATISTICAL ANALYSIS OF THE DATA

As mentioned previously, the object of this investigation was

to obtain various surface finishes to facilitate the study of sur-

face condition on ultrasonic weldability. Electrolytic polishing

was used to obtain the desired surface finishes, and as indicated

by the data and micrographs presented in section II, four types of

surfaces were obtained. For a given set of parameters, if the anode

current density vs. voltage curve is plotted, one observes that

there are four regions of this curve which correspond to the four

types of surface finishes obtained. A typical curve as predicted

by the current theory is shown in figure 6. Since this curve appear

to be composed of three distinct curves, the curve obtained experi-

mentally was separated into three portions and a regression analysis

using the method of least squares was employed to get the "best-fit"

for the data obtained. The details of this statistical analysis

for the etching region, polishing plateau and gas evolution region

comprise the first segment of section III. Briefly it was found

that in the etching region, a complex polynomial model is required

to fit the curve and explain the blip (unstable region) predicted

by current electropolishing theory. On the polishing plateau the

simple model y = was the best fit model. In the gas evolution

region a quadratic regression model gave the best fit.

The second half of this section is devoted to a statistical

analysis of the data resulting from the Talysurf profilometer traces.
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Consistent with the primary object of the experiment, the intent

of the statistical analysis was to determine if each of the four

surfaces obtained were significantly different from each Other.

That is, does four different populations exist? Utilizing the look

test, and R Chart, t test between samples F and U, and the runs

test where ties could be handled; it was found that four different

populations did exist.

AD Regression analysis 

A regression analysis was applied to the curve in figure 6,

which was plotted from the data in table I.

Sub-Index 	 Page

Data and plot of same, table I and figure 6 	 58

Etching region of curve 	 60

Linear regression model 	 60

Parabola regression model 	 61

Quadratic regression model 	 63
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Mblr. T 

	

Amps 	 Anode 	 C.D.
Sample 4 	 Voltage 	 Current_ 	 -,,,-,=1 -1112 	 anps/dm- 	 Time (sec.)

P 	 1.0	 .²5 	 94.95 	 1.00 	 600

(F) 	 l.2	 .57 	 21.5 	 2.65 	 600

G 	 1.4 	 .8• 	 23.2 	 3.58 	 600

H l.6 	 1.52 	 93.9 	 6,55	 600

Ht 	 l.7 	 1.79 	 22.5	 7.54	 600

I 	 1.8 	 l.97 	 99.6 	 8,79 	 600

I' 	 l.9	 1.73 	 99.4 	 7.73	 300

J 2,0 	 1,83	 92,4 	 8.17 	 600

K 2.2 2.2 	 1.72 	 21.9 	 7.85 	 600

L 	 2,4 	 1.74 	 22.9 	 7,85	 600

(M) 	 2.6 	 l.81 	 22,8 	 7.94 	 600

N 2.8 	 1.73 	 22.8 	 7.58 	 350

O 2.9	 l.78	 92.8 	 7.82 	 450

P 	 3.0	 1.97 	 29.8 	 8,42 	 400

, 	 3.2	 2.17 	 22.5 	 9.66 	 350

(R) 	 3.4 	 2.68 	 23.0 	 11.65 	 400

S 	 3.6 	 3.02 	 99.4 	 13.42	 350

T 	 6.0	 9.3 	 72,8 	 40.3	 100

(T,J) 	 6.0	 9,5 	 92.8 	 41.6 	 350

✓ 7.8 	 14.5	 22.8 	 63.7	 50

1:2,1n III
50'6 H3PO4
1.5" Electrode spacing
Anode to cathode area ratio- l:1.65

Note: The enclosed ( ) smplo numbers were the ones chosen to obtain
the four types of surfaces desired according to the experiment.
Subsequent analysis dealt with these four sannios.
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Etching Region of Curve - Linear Regression Model

Y 	 x 	 xY 	 x2 	 2

	

x-y 	 x4 	 x3

	

l.00 	 1.0 	 1.00 	 1.00 	 l.00 	 l.00 	 1.00

	

².65 	 l.² 	 3.18 	 l.44 	 3.8² 	 2.07 	 1.73

	

3.58 	 1.4 	 5.0² 	 1.96 	 7.0² 	 3.84 	 ².74

	

6.55 	 l.6 	 10.48 	 2.56 	 16.77 	 6.55 	 4.10

	

7.54 	 l.7 	 1².80 	 2.89 	 ²1.79 	 8.35 	 4.91

	

8.72 	 1.8 	 15.68 	 3.24 	 ²8.²5 	 10.50 	 5.33

	

7.73 	 l.9 	 14.70 	 3.61 	 ²7.91 	 13.03 	 6.36

	

8.17 	 ².0 	 16.34 	 4.00 	 3².68 	 16.00 	 8.00 

	

45.94 	 1².6 	 79.20 	 20.70 	 139.²4 	 61.34 	 35.17

7= 5.74 	 5c- = l.57

y = a + bx

Find values for a and b which make the sum of squares a mininum.

	y = na + 62Ex 	 45.94 = (8)a + (1².6)6

yx = a x + 62:x² 	 79.²0 = (12.6)a + (20.7)b

Solving these equations: 	 check, 7 = 5.74, T = 1.57

	

a = -6.867 	 7=-6.867 + 8.006(l.57)

	

b = 8.006 	 = 5.70

Thus, y = -6.867 + 8.006x

x 	 Yo 	 Yc 	 (YID- YC) 	 (Y0- yc)²

1.0 	 l.00 	 l.14 	 .14 	 .0196
l.² 	 ².65 	 ².93 	 .²9 	 .0841
l.4 	 3.58 	 4.34 	 .76 	 .5776
l.6 	 6.55 	 5.94 	 .61 	 .3758
l.7 	 7.54 	 6.74 	 .80 	 .6400
l.8 	 8.7² 	 7.54 	 l.18 	 l.3830
1.9 	 7.73 	 8.34 	 .61 	 .3770
2.0 	 8.17 	 9.15 	 .98 	 .9506 

4.4077
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For y = 	 . 5.74 	 (y-7)²= (4.74)² + (3.09)² + (².16)2+ (.81)2 +

(1.80)² + (².98)² + (1.99)² 4. (2.43)²

= 59.30

Therefore;

Y = y; 	 (y-57)
² = 59.30 	 degrees of freedom (d.f.) = 7

y = a + bx 	 (y + 6.87 -8.0x)² = 4.408 	 d.f. = 6

Source of variation 	 Sum of squares 	 d.f. 	 Mean sq.

Slope 	 54.89² 	 1 	 54.892 	 74.7
Error 	 4.408 	 6 	 0.735
Total 	 59.30 	 7

F.05/l/6 = 6.0

Thus, this model is a "good fit", but it does not account for the

blip observed in this region. This blip, known as the unstable re-

gion, is in accordance with the current theory. Therefore, a quad-

ratic model will be tried next.

Parabola Model: y = a + bx2

Find values of a and b which make the sum of squares a minimum.

E y = na + bEx2

x2y = aΣx² + bEx4

Substituting the data from page 60 gives:

45.94 = (8)a + (20.70)b

139.24 = (20.7)a + (61.34)b

Solving these equations gives:

a = -1.034

b = 2.619

Thus, y = -1.034 + 2.619x2



6²

yo 	 (yo - yc ) 	 (yo- yc)²yo 	 yc 	 -o -yc)

	

l.0 	 l.00 	 1.585 	 .585 	 .34²²

	

1.² 	 2.65 	 ².737 	 .087 	 .0076

	

1.4 	 3.58 	 4.099 	 .519 	 .2694

	

1.6 	 6.55 	 5.671 	 .879 	 .77²6

	

l.7 	 7.54 	 6.535 	 l.005 	 1.0100

	

1.8 	 8.7² 	 7.45² 	 1.²68 	 l.6078

	

1.9 	 7.73 	 8.421 	 .691 	 .4775

	

².0 	 8.17 	 9.442 	 1.²72 	 1.6180 

6.1954

The sum of squares for this model (error about regression for the

parabola) calculates to be greater than the sum of squares for the

linear model y = a + bx, (see the bottom of page 60). Therefore

this parabola model is not as good a fit as the linear model.

It should be mentioned that this result, although not common,

is explainable by closely analyzing the data in the etching region

of the curve. Below is a sketch showing the observed data, the

y = a + bx model and the y = a + bx² model. By checking (yo-yc)

for each model, it is observed that the values close to the blip

are causing the discrepancy. By going to this model, we did not

sacrifice another degree of freedom, i.e. both models "cost" two

degrees of freedom, thus the linear model is a better fit.
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A third model for this region, y = a + bx + cx2 will be tried

next in an attempt to get a better fit, especially near the blip.

Polynomial Model: y = a + bx + cx2

Find values for a, b and c which make the sum of squares a minimum.

Σy = na + bΣx + cYx2

Xxy = aΣx + brx² + c2:x3

rx2y = aZx² + b5:x3 + cYx4

Substituting the data from page 60 gives:

45.94 = (8)a + (12.6)b + (20.7)c

79.20 = (12.6)a + (20.7)h + (35.17)c

139.24 = (20.7)a + (35.17)b + (61.34)c

Solving these equations by determinants (see page 65) gives:

a = -1².6

b = 16.0

c = - 2.68

Thus, y = -12.6 + 16.0x - 2.68x2 	 It is interesting to note that

this model, which is a better fit than the parabola model, curves

the other way. (see sketch on previous page)

Yo	 yoc 	 (yo - 	 yc)	 o yc)	 (yo- Yc)2

	

1.0 	 1.00 	 .72 	 .28 	 .0784

	

1.2 	 2.65 	 ².74 	 .09 	 .0081

	

1.4 	 3.58 	 4.55 	 .97 	 .9409

	

1.6 	 6.55 	 6.14 	 .41 	 .1631

	

l.7 	 7.54 	 6.90 	 .64 	 .4096

	

l.8 	 8.7² 	 7.52 	 l.20 	 1.4400

	

1.9 	 7.73 	 8.12 	 .39 	 .1521

	

2.0 	 8.17 	 8.68 	 .51 	 .2601 

3.4573
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Therefore:

Model y = 	 (y-y)²)² = 59.3 	 d.f. = 7

Model y = a + bx 	 (y + 6.87' -8.0x)2 = 4.408 	 d.f. = 6

Model y = a + bx + cx2 	 (y+12.6- 16x+2.68x²)² = 3.457 d.f. =

Source of variation 	 Sum of squares 	 d.f. 	 Mean sq.

Quadratic 	 0.951 	 1 	 .951 	 l.376
Error 	 3.457 	5	 .691

Total 	 4.408 	 6

F.05/1/5 =

Thus, this model which gives the least sum of squares (error about

regression for quadratic), could have been obtained by "chance",

since by sacrificing a degree of freedom, we only reduced the error

sum of squares by 0.951 as compared to the linear model.

Conclusion: In this region of the curve, a complex polynomial

model is required to fit the curve and explain the blip predicted

by the current electropolishing theory. This is beyond the scope

of this project so the analysis of this region will be left incom-

plete. Ink the remaining two regions, the polishing plateau and the

gas evolution region, it is easier to fit a regression model.



0.47 = -2.68

Detelminant solution for the polynomial model, Y = a + bX + cX².

	

8.0 	 12.6 	 ²0.7

	

12.6 	 20.7 	 35.17 	 = 0.47

	

20.7 	 35.17 61.34

65

a=

45.94

79.²0

139.24

1².6

20.7

35.17

20.7

35.17

61.34 -5.92
0.47 -1².6

8.0

12.6

20.7

45.94

79.20

139.²4

20.7

35.17

61.34 7.52
0.47 16.0

8.0

12.6

20.7

12.6

20.7

35.17

45.94

79.20

139.24 -1.26
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Polishing Plateau Portion of Curve - y = 7' Model:

	

2.2 	 7.85

	

2.4 	 7.85

	

2.6 	 7.94

	

2.8 	 7.58

	

2.9 	 7.82

	

12.9 	 39.04

	=2.58	 y= 7.81

Arbitrary model; 	 y = 0

:E(yi - 0)² = ²(7.85)² + (7.94)2 + (7.58)² + (7.8²)² = 304.9
1=l

degrees of freedom (d.f.) = 5

Best fit model of form y = = 7.81

5
ECY1 -
	

= 	 CY•3_ - 0)2 _E(77 - 0)²
i=l 	 1=l

= 3Q4.9 - 5(7.81)² = 0.² 	 d.f. = 4

Thus by giving up 1 degree of freedom the sum of squares has been

reduced significantly.

Source of variation 	 Sum of squares 	 d.f. 	 lean sq.

y = y 	 304.7 	 1 	 304.7 	 very large
Error 	0.²	 4 	 0.05

Total 	 304.9

Thus y = is the best fit model (see figure 6).



Gas Evolution Region of Curve - Linear Regression Model:
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².9 	 7.82

	

3.0 	 8.42

	

3.2 	 9.66

	

3.4 	 11.65

	

3.6 	 13.42

	6.0	 41.20

	

7.8 	 63.7 

	

²9.9 	 155.87

xy 	 x2 	 x³ x²y x y 	 x4

	

22.68 	 8.41 	 24.39 	 65.77 	 70.73

	

25.20 	 9.00 	 27.00 	 75.78 	 81.00

	30.91	 10.²4	 32.77 	 98.92 	 104.86

	39.61	 11.56	 39.30 	 134.67 	 133.63

	 48.31 	 12.96 	 46.66 	 173.92 	 167.96

	

247.²0 	 36.00 216.00 	 1483.20 	 1296.00

	496.86	 60.84 474.55 	 3875.51 	 3701.50 

	910.83	 149.01 860.67 	 5907.77 	 5555.68

= 4.²7 	 Tr-= ²².²7

y = a + bx

Find values for a and b which make the sum of squares a minimum,

y = na + bEx

Exy = aΣx +

Solving these equations gives:

a = - 26.88

b = 	 11.51

155.87 = (7)a + ( ²9.9)6

910.83 = ( ²9.9)a + (149.01)b

check,should go through

y = -26.88 + 11.51(4.²7)

y = 2².²4; -,17,= 22.27

Thus, y = - ²6.88 + 11.51x

x 	 Yo 	 Yc 	 (Yo- Yc) 	 (Y0- yc)²

2.9 	 7.87 	 6.50 	 1.32 	 l.742
3.² 	 9.66 	 9.95 	 0.29 	 0.841
3.0 	 8.42 	 7.65 	 0.77 	 0.593
3.4 	 11.65 	 1².25 	 0.60 	 0.360
3.6 	 13.4² 	 14.56 	 1.14 	 1.300
6.0 	 41.20	 42.18 	 0.98 	 0.960
7.8 	 63.70 	 6².90 	 0.80 	 0.640 

6.436
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For y = 	 = ²².²7 	 (y-y)²)² = (14.45)² + (13.85)² + (12.61) ² +

2
(10.62)² + (8.85)² + (18.9²)2 + (41.43)²

= 28²5.51

Therefore;

y = y 	 (y- 2 	 ²825.51 	 d.f. = 6

y = a + bx 	 (y+ ²6.88 - 11.51x)² = 6.436 	 d.f. = 5

Source of variation 	 Sum of squares 	 d.f. 	 Mean sq.

Slope 	 ²819.07 	 1 	 ²819.07 	 very big
Error 	 6.44 	5	 1.29

Total 	 ²8²5.51 	 6

F.05/1/5 = 6.6

Thus, the model y = - 55.56 + 18.²²x is a good fit. However, there

is still some error (sum of squares = 6.44) associated with this model;

therefore a quadratic model will be tried.

Quadratic Model: y = a + bx + cx²

Find the values of a, b and c which make the sum of squares a minmum.

EY na bΣx + cYx2

2.7xY = aΣx + bY:x² + cYx3

2:x²yo = a2=x² + bYx3 + cYx4

Substituting these values from page 67 gives:

155.87 = (7)a + (²9.9)b + (149.01)c

910.83 = (²9.9)a + (149.01)b + (860.67)c

5907.77 = (149.01)a + (860.67)b + (5555.68)c

Solving these equations gives; (see page 71 for the determinant solu-

tion). 	 a = - 16.84
b= 	 7.05
c = 	 0.4²4
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Thus, y = - 16.84 + 7.0Sx + 0.4²4x2

x 	 Yo 	 Yc 	 (Yo- Yc) 	 (Yo- Yc)2

2.9 	 7.8² 	 7.18 	 .64 	 .410

	

3.0 	 8.4² 	 8.13 	 .29 	 .084

	

3.² 	 9.66 	 10.06 	 .40 	 .160
3.4 	 11.65 	 1².03 	 .38 	 .144
3.6 	 13.4² 	 14.04 	 .62 	 .384
7.8 	 63.70 	 63.95 	 .25 	 .063
6.0 	 41.²0 	 40.7² 	 .48 	 .230

l.475

Therefore:

Model y = )7 	 (y-77.5 = ²8²5.51 	 d.f. = 6

Model y = a+bx 	 (y+²6.88-11.51x)² = 6.436 	 d.f. = 5

Model y = a+bx+cx2 	 (y+16.84-7.05x-.4²4x²)² = l.475 	 d.f. = 4

	

Source of variation 	 Sum of squares 	 d.f. 	 Mean sq. 	 F

Quadratic 	 4.961 	 1 	 4.961 	 13.4
Error 	 l.475 	 4 	 .369

Total 	 6.436 	 5

F.05/1/4 = 7.7

Thus, the model y = - 16.84 + 7.05x + 0.4²4x² is an excellent fit.

This quadratic equation is in support of the theory, and is typical

of the gas evolution region. To indicate how good a fit was obtain-

ed, a sketch showing the gas evolution region is presented on the

following page. The observed points are shown as(D. The dotted

line is the linear regression model and the full line is the quad-

ratic regression model.
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Y= -26.88 #-11.51X

Y-16.84- 705X 1" 0. 1.24X 2

0 - ObsSet-Ved Vd/CieS

Vo /tag e



Determinant solution for the quadratic model, Y = a + b): +

71

	

7.0 	 29.9 	 149.01

	

29.9 	 149.01 	 860,67

	

149.01 	 860.67 	 5555.68

= 3500.28

	

155.87 	 29.9 	 149.01

	

910.83	 149.01 	 860.67

	

5907.77 	 860.67 	 5555.68 -58959.53 

= 	 3500.28 = -16.844

	

7.0 	 155.87 	 149.01

	

29.9 	 910.83 	 860.67

	

149.01 5907.77 	 5555.68 24663.63

_ = 3500.28 = 7.046

	

7.0 	 29.9 	 155.87

	

29.9 	 149.01 	 910.83

	

149.01 	 860.67 	 5907.77 1484.28
0.424

-

- 

3500.28	 = 
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B) Statistical Analrsis of Talvsurf Data.

Four samples were chosen, one from each region on the curve,

which gave the desired surface finish. These samples were examined

metallographically at magnifications of 200x to 500x. These micro-

graphs showed quite convincingly that the surfaces were different

and were in accord with the regions from which they were treated.

However, because of the very small surface area that can be examin-

ed this way, and the lack of quantitative data to support the results,

another test was sought. The one chosen was measuring the peak to

valley distances (surface profile) using a Talysurf Tester. Typical

Talysurf traces for the four types of surfaces were presented on

pages 34 and 35. The object of the statistical analysis was to

detelmine if each surface was different from the other (i. e. 	 4

different populations exist).
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Table V

Summary of Talysurf Data - for selected. samples of Run III

Sample 	 Range in A 	 X- 	 S 	 n

III F 	 4,000+36,000 	 13,200 	 7,320 	 5.1

III Ma	250 --> 2,500 	 1,100 	 19

III Mb 	300-* 3,500	 1,600	 16

III Mc 	250-p-3,000	 1,300 	 710 	 19

III Md 	 250-4-2 500 	 1,100	 18 --> 2,500
72

R=1,275

III Ra 	 15,000+-80,000 	 39,000 	 29

III Rb 	10,000.4-90,000	 36,000 	 23,800 	 17

III Rc 	10,000+-70,000	 35,000 	 15

III Rd 	10,000-,-30,000	 38,000 	 20 
81

-t=37,000

III Ua 	 1,000+-24,000 	 10,000 	 6,400 	 22

III Ub 	1,000-.26,000	 11,600 	 22

III Uc 	 1,000-.28,000 	 9,600 	 23

III Ud 	1,000-+-22,000	 8,600 	 23
90

.:--:.-10,000



Table VI 

Raw Talysurf Data (Divisions)

400A/div. 	 1000Å/division 	 10,000Å/division 	 4000Å/division

III F 	 III Ma III Mb III Mc III AI 	III Ra III Rb III Rc III Rd f III Ua III Ub III Uc III Ud

data on 	 1 1/2 	 2 	 1 1/4 	 3/4 	 3 1/2 	 8 	 1/2 	 7 3/4 1 2 	 3 3/4 	 1/2 	 1 1/2
following 	 1 1/2 	 1 	 3/4 	 1 3/4 	 4 1/2 	 1 	 3 1/2 	 7 	 1/4 	 2 1/2 	 2 1/4
page 	 1 	 2 1/2 	 1/4 	 1/2 	 7 	 1/2 	 4 3/4 	 3 1/2	 1/2 	 1/2 	 1 	 2 1/2

	

1 1/2 	 1 	 1 	 2 	 7 	 3 1/2 	 3 	 2 1/2	 1/4 	 1 	 7 	 3
1 	 1/4 	 1 	 2 	 I 	 6 1/2 	 6 1/4	 6 1/2 	 9 	 1 1/2 	 6 	 3 	 2 1/2

	

1/2 	 2	 3 	 1 1/4 I 	 4 	 5 1/2 	 9 	 2 3/4 1 2 3/4 	 1/2 	 1 3/4 	 1/4

	

1/2 	 1 1/2 	 1 	 1/4 	 3 	 4 1/2 	 5 	 2 1/4 I 1 1/2 	 1/2 	 3 3/4 	 2 1/2

	

3/4 	 1/2 	 1/2 	 1 	 3 	 6 1/4 	 3 1/2	 4 1/2 1 5 	 2	 1/2 	 1 1/4

	

1 3/4 	 1 1/2 	 1/2 	 1/2 I 	 5 1/2 	 1 1/4 	 2 	 6 1/2 	 2 1/2 	 1 3/4 	 3 1/2 	 5
1 	 1 	 1 1/2 	 1/2 	 1 1/2	 2 	 1 	 4 1/2 I 1 3/4 	 3 1/4 	 2 3/4 	 5 1./2

	

2 1/2 	 1/2 	 1 1/2 	 1 	 1 	 5 	 2 3/4 	 3 1/2 	 3 1/4 	 1 3/4 	 1/4 	 1 1/2
1 	 3 	 1 	 1/4 I 	 3 	 2 	 3 	 4 	 6 	 3/4 	 4 1/4 	 1

	

3/4 	 3 1/2 	 1 	 2 	 3 	 1 	 3 	 1 1/2 	 5 1/2 	 4 1/2 	 1/4 	 1 1/4

	

1 3/4 	 1 	 2 	 2 1/2 F 	 1 1/2 	 3 	 2 	 1/2 	 2 3/4 	 1/2 	 1/4 	 2 3/4

	

1/4 	 1 1/2 	 1 	 1/2 I 	4	 7 	 3 1/2 	 6 	 I 	 1/4 	 3 1/2 	 2 1/2 	 3 1/2

	

1/2 	 1 	 1 1/2 	 1/2 	 5 1/2 	 4 	 53 	 7 1/4 	 3/4 	 5 1/2 	 4 3/4 	 2
1 1/2 75- 	2	 3/4 I 6 	 1 	 3 1/4 	 1 1/2 	 4 	 5 1/2 	 3
1 	 1 1/2 	 1 	 I 1 	 61-74 	 7 	 1 4 1/2 	 6 1/2 	 1 1/2 	 3
1 	 2 	 19 	 4 1/2 	 9 	 3 	 1	 1 	 1/2

	j4	 24 1/4 	 5 	 9 	 3 1/2 	 2 3/4 	 3 1/2 	 1 1/4
5 1/2 	 10.717 I 2 1/2 	 5 	 1 1/4 	 1 1/2
4 1/2, 1 1/4 	 4 	 2 3/4 	 1/4
2 1/2 	 l 2 1/4 67-74 1 	 3
I 1/2 	 I 54 3/4 	 7-- 5777
5
2 1/2
2 1/2
2
3 
109
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III F 	 Etching Region

xi 	(Xi - 7)
6 	 3 1/² 	 2.7 	 .2
1 1/² 	 3 	 1.8 	 .3
4 	 3 1/² 	 .7 	 .2
2 1/² 	 4 1/² 	 .8 	 1.2
5 	 1 3/4 	 1.7 	 1.55
7 	 1/4 	 3.7 	 3.05
3 	 1 1/² 	 .3 	 1.8
2 	 1 1/2 	 .7 	 1.8
3 1²/ 	 2 1/4	 .² 	 1.05
4 1/2	 1 1/2 	 1/2 	 1.8
6 1/² 	 4 	 3.2 	 .7
6 	 3/4 	 2.7 	 2.55
3 	 5 	 .3 	 1.7
5 	 ² 	 1.7 	 1.3
4 	 3 1/4 	 .7 	 .05
5 1/2 	 1 1/2	 2.² 	 1.8
2 1/² 	 4 1/2 	 .8 	 1.²
1 	 2 1/2 	 2.3 	 .8
2 1/2 	 1 1/² 	 .8 	 1.8
2 1/2 	 3 	 .8 	 .3
1 1/2	 2 	 1.8 	 1.3
1 	 1 1/² 	 2.3 	 1,8
4 	 6 	.7	 2.7
3 	 168.25	 .3
² 	 1.3
4	 .7
8 	 4.7
7 	 3.7

168.25
= 	 = 3.3

51

(xi - X)²
	7.29	 .04

	

3.24 	 .09

	

.49 	 .04

	

.64 	 1.44

	

2.89 	 2.4

	

13.69 	 9.3

	

.09 	 3.²4

	

.49 	 3.24

	

.04 	 1.11

	

1.44 	 3.24

	

10.54 	 .49

	

7.29 	 6.5

	

.09 	 ².89

	

².89 	 1.69

	

.49 	 -
	4.84	 3.²4

	

.64 	 1.44

	

5.29 	 .64

	

.64 	 3.24

	

.64 	 .09

	

3.²4	 1.69

	

5.29	 3.²4

	

.49 	 7.29 

. 90 Y. 167.31
1.69
.49

22.1
13.69

s = (X1 -=

n - 1

= 167.31 = 1 . 83
SO
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III M
c 	 Polishing Plateau

24.95 = 1.275 	 - 	 (Xi -
19

	

.025 	 .0006

	 .S525 	 .276

	

1.025 	 1.05

	

.275 	 .0754

	

.275 	 .0754

	

1.725 	 2.8

	

1.275 	 1.63

	

.775	 .6

	

.775 	 .6

	

.225 	 .051

	

.225 	 .051

	

.275 	 .0754

	

.275 	 .0754

.725 	 .525

.275 	 .0754

	

.225 	 .051

	

.725 	 .525

	

.225 	 .051

	

.725 	 .525 

5: 9.1126

s = 
i - x)² 	9.1126
	  = 0.71

n-1 	 18
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III R
b 	 Slow Gas Evolution Region

— 61.75 7C 	 -- 	 2
X = 	  = 3.63 = 3 5/8 	 (X. - R-) 	 (Xi -- X)

17

	

4 3/8 	 1225/64

	

2 5/8 	 441/64

	

3 1/8 	 625/64

	

1/8 	 1/64

	

2 5/8 	 441/64

	

1 7/8 	 225/64

	

7/8	 49/64

	

2 5/8 	 441/64

	

2 3/8 	 361/64

	

1 5/8 	 169/64

	

1 3/8 	 121/64

	

1 5/8 	 169/64

	

2 5/8 	 441/64

	

5/8	 25/64

	

3 3/8 	 729/64

	

3/8 	 9/64

	

2 5/8 	 441/64 	

5913/64 = 92 . 5

	1

	S = (Xi - T.)2	 92.5 = 2.38
n	 1 	 la
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III Ua	Fast Gas Evolution Region

= 54.75 .= 2.49 = 2 1/2 	 — 2

	

(Xi - 	 Xi - X)
22

	

1/2 	 1/4

	

2 	 4

	

2 1/4 	 S 1/16

	

1 	 1

	

1/4 	 1/16

1

	

2 1/2 	 6 1/4

0

	

3/4 	 9/16

	

3/4 	 9/16

	

3 1/2 	 12 1/4

	

3 	 9

	

1/4 	 1/16

	

2 1/4 	 5 1/16

	

1 3/4 	 3 1/16

1

	

2 	 4

	

1/2 	 1/4

	

1 	 1
S = (Xi - 7) 2

	

0 	 0
n - 1

	

1 1/4 	 1 9/16

„I  54 1/16 = 1.6 	 1/4 	 1/16 
1 21 	 54 1/16
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Discussion of "Look" Test,

In this test the data was converted from divisions to angstroms,

to enable comparison of the four groups on a common basis. The dis-

tribution of the four groups is not normal, and appears to be skew-

ed toward the lower values. The consistency within groups looks

good, as shown by the spread of the different colors in the various

cells. The over-all picture, as interpreted by the "look" test is:

Sample M is different than samples F, R and U.

That is, XM A XR ; XM A XF 	XM A XU

Sample R is different than samples F and U.

That is, XR X F 	XR XU .

Because of the predominance of values in the 0 4. .4 cell for

sample U, it appears as though X U A X. However, a supporting test

should be made. For this, the t test was used, as discussed below.

To corroborate the "look" test, an X and R chart was plotted by

pairing the data by two's. The result of this analysis agrees very

well with the "look" test. (Discussion on page 85).

t Test: Comparison of Samples F and U.

	

Sample F 	 Sample U

X = 1.32 	 X = 1.0

6- = .732 = .64

n = 51 	 n = 90

Test if 6 F = G- 	(F test)	 Null Hyp: G-F = G-U

(.732) 2
F ratio = 	 2 = 1.306 	 degreesoffreedom(d.f.)F=50

	

(.64) 	 degrees of freedom (d.f.) F U  = 89
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from one population, then according to probability you ",lould expect 

1/2 the points to fall above X and 1/2 to be belm.., X. Thus get-
-=: 

ting 9 consecutive points belm.., ~ results in a probability of 

Pr (1/2) 9. For the U population there are 21 consecutive points 

belmv X, resulting in a probability of Pr (1/2)21. Therefore, 

one may conclude that XF f Xu. 
(25) 

The ~vald-Wo1fowitz Runs Test. 

Data For Runs Test Between Samples F & M. 

five 1/4 - 0-'1 
seven 1/2 - M 
five 3/4 - M 
twenty 1 -i.tl one 1 - F F 
two 1 1/4 - ~'1 M 
eleven - M 1 1/2 
three 1 3/4 - M Total =:: one hundred and t\-Jenty-three 
eight 
three 
two 
one 
one 

forty-nine 

2 - M 
2 1/2 -Mf (72 - M, Sl - F) 
3 - M M 
3 - F F 
3 1/2 - M M 

/' 3 1/2 - F 

U =:: # of runs =:: 6 (minimum); =:: 6 (maximum) 

N
l
= 72 (samples of M) 

N2= Sl (samples of F) 

2NlNZ 2 (72) (51) 
Uu = + 1 = + 1 = 60.7 

Nl+NZ 123 

G 2 
2N1NZ(2N1N2 - Nl - N2) (7344) (7221) 

= = u (Nl + NZ) 2 (Nl + N2 - 1) (123)2 (122) 

Gu = 5.36 

:: 28.73 
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(25) 
Siegel in his book ~Dn-Parame\ric Statistics suggests if ties 

occur, you should break the ties in all possible \vays and observe 

the resulting value for the It of runs, and Vlereby detennine the 

significance of these ties. TIlerefore: 

Thus, 

minimum It of runs = 6 
(treating ties as tabulated) 

in this case the two ties don't 

U .. U + 1/2 6 - 60.7 + 1/2 u Z = = 
U 5.36 u 

maximum It of runs = 6 (since 
only one F value was associated 
with each tie). 

affect the # of runs. 

= - 10.1 

Therefore: Can say that XM f XF \'i'ith a 99.9% confidence. This 

result supports the "lookll test and X and R chart results. 

Data For Runs Test Between Samples M & U. 

seventeen 
twenty 
eight 
two 
eleven 
three 
eight 
eight 
three 
two 
three 
one 
all the rest 

1 - :-1 
1 - ~1 

1 - U 
1 1/4 - M 
1 1/2 - Iv1 
1 3/4 - M 
2 ~'I Total = 
2 - U 
2 1/2 - M 
3 - f,1 
3 - U 
3 1/2 - M 

are - U 

U = minimtDn # of runs :::: 8 

Nl = 72 (samples of M) 

N2= 90 (samples of U) 

one hundred and sixty-two 

(72 - M, 90 - U) 
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Substituting these values into the fonnu1as given on page 86 gives: 

U = 81 
U 

G
U 

= 6.273 

Tilus for the minimum it of runs; 

u - Un + li2 

G'u 

8 - 81 + 1/2 
z = =------= - 11.5 

6.273 

Therefore: Can say that ~\1 ~ Xu with a greater than 99.9% confidence. 

I\~len U = maxJlutnn 1/ of nms .. 40, 

u - U + 1/2 u Z =------ = 
G'u 

40 -131 + 1/2 

6.273 
= - 6.5 

TI1US by calculating the maximum number of runs, and therefore in 

this case the minimum Z, you can still say that ~1 ~ Xu with a 

greater thml 99.9% confidence. 

Data For Runs Test Between Samples R & u. 

eight 1/4 - U four 3 3/4 - R 
eight 1/2 - U two 4 - U 
three 3/4 - U one 4 1/4 - U 
six 1 - U two 4 1/2 - U 
five 1 1/4 - U one 4 3/4 - U 
three 1 1/4 - R three 5 - U 
five 1 1/2 - U five 5 - R 
four 1 3/4 - U four 5 1/2 - U 
three 2 - U one 5 S/8 - R 
two 2 1/4 - U bYo 6 - U 
seven 2 1/2 - U three 6 1/4 - R 
SIX 2 1/2 - R one 6 1/2 - U 
six 2 3/4 - U two 6 7/8 - R 
six 3 - U one 7 - U 
one 3 1/8 - R fifty-four 7 - R 
two 3 1/4 - U 
five 3 1/2 - U 
one 3 3/4- - U Total = one hundred & seventy-one 

(90 - U, 81 - R) 



U ::: minimum It of runs ::: 18 

Nl = 90 (samples of U) 

NZ= 81 (samples of R) 
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Substituting these values into w~e fonnulas given on page 86 gives: 

Uu ::: 86.3 

Uu = 6.50 

Thus for the ffiL'111nLIDl It of runs; 

U - Du + 1/2 
Z = ::: 

Uu 

18 - 86.3 + 1/2 

6.50 
::: - 10.43 

TIlerefore: eml say that XR f Xu with a greater than 99.9% confidence. 

Vv11en U = maximtnn # Of runs = 40, 

u - u + l/Z u Z :::------= 
Ou 

40 - 86.3 + 1/2 

6.50 
= - 7.05 

l11Us by calculating the maximum # of TW1S, and therefore the minimum 

Z, you can still say that XR"f Xu with a greater than 99.9% con

fidence. 

It is expected that snnilar results would be obtained if the 

runs test was used between samples F and R. However, in the case 

of samples F and U the runs test is not appropriate because of the 

many ties. That is t Z would go from one extreme to the other (- -++), 

"''''d as S l' ege 1 (
25). . fl' . bl f b k ~~ POlnts out, 1 tle variOUS POSSl e ways a rea-

mg up ties leads to some values of U(#of runs) which are signifi-

cant and some which are not, the decision as to accepting or re-

jecting Ho (the hypothesis) is difficult; and if the It of ties is 

very large, than U is essentially indetenninate. 

Library 
Newark College of Engineering 



IV CONCWS IONS 

1. /'\.5 a result of this experiment, four types of surface 

finishes can be obtained for copper and nickel silver. 

i~hich will facilitate the study of the effect of surface 

condition on ultrasonic weldability. These four surfaces 

are characterized by an etched, polished, pitted, and pol

ished with a slight pitted appearance. They result from 

operating in the etching region, polishing plateau, slo\" 

gas evolution region and fast gas evolution region respect

ively, on the anode current density versus voltage curve 

obtained for a given system. 

2. Tne existence of the anode viscous layer and anode surface 

film \yas verified, and their role in the polishing process 

was found to support the current electrolytic polishing 

theory. Based on the observations made during the course 

of this experiment, the most general med1anism to explain 

the polishing process is in support of the diffusion mech

anism discussed in section I. 

3. Statistical analysis of the data for the Cu/H3P04 system 

disclosed that the four surfaces obtained were significant

ly different, and good reproducibility of the surfaces 

could be achieved. The regression analysis perfonned on 

the data for the anode current density versus voltage curve 
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indicated ~1at the curve obtained was in close agreement 

with that predicted by electropolishing theory, 

4. For the nickel silver - phosphoric acid system, deburring 

can be accanplished by operatip.g in the fast gas evolution 

region. 111e application of an electrodeburring procedure 

during the manufacture of nickel silver contact springs 

at Westen1 Electric Company, Kearny Works has been proposed. 

However, for various reasons, not known to the author, it 

has not been put into production, 



V FUR1HER AREAS OF STUDY 

TIle literature review presented In an earlier section, plus 

the present study are indicative of the appreciable experimental 

work which has been performed with the Cu/H3P04 system. Consequent

ly much of the results which have been obtained are of an empirical 

nature. HmoJever there are still many loopholes in the electropolish

ing theory and the need for a mechanism more amenable to general

ization has yet to be proposed. Along these lines, the application 

of the electron microscope and the electron beam microprobe \vould 

be valuable tools for a study of this magnitude. They could be 

used for visual observation and quantitative chemical analysis of 

the anode viscous layer and anode surface fibn. A more recent 

entry into the field of electron beam technology has been the scan

ning electron microscope. Because of the high depth of field and res

olution, this instrument is capable of giving micrographs at up to 

30,OOOX whidl have a three dirensional quality. The surface topogra

phy is shoVJIl in microscopic detail by using the 111ornley-Everhart (29) 

secondary electron collector, which is basically a scintillator and 

photomultiplier. The signal from the photomultiplier is converted to 

a voltage, amplified and used to control the brilliance of a cathode 

ray tube whose electron beam is moved in synchronism with the pri

mary beam of the specimen. The CRT thus presents an image in terms 

of secondary electron emission of the surface topography of the 

specimen. A significant advantage of the scanning electron micro-
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scope relative to the electron microscope is the eaSe of sample pre

paration. Actually the specimens prepared for the current study 

could be vievied with the SF}.'1 without further specimen preparation. 

Thus far general COIl1ments have been made sugges ting the appli

cation of electron beam technology to study electrolytic polishing 

phemonena. Some specific areas "'hich may add to the knowledge of 

electrolytic pOlishing processes are listed below: 

1. Application of radioactive isotopes, \~i th an immers ible 

probe to study diffusion in the anode viscous layer. The 

experimental problems associated with this technique are 

quite forrnidable, however it could lead to a quantitative 

approach to the diffusion mechanism. 

2. A thernlodynamical approach to determine the energles asso

ciated with the anode viscous layer and anode surface film 

and the barriers they offer to diffusion. 

3. 'l11e effect of the various polishing parameters on the sur

faces obtain for various alloys, and their effect on the 

polishing equilibrium. 

4. The effect of surface states on the polishing process. The 

use of semlconductor materials such as silicon and germaniwl1 

is suggested, since tl-ere is considerable data available 

in the literature for these elements. Areas to be consid

ered in a study of this nature are: dislocation density 

and distribution, impurity concentration, single crystal 

or polycrystalline and orientation. 
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Because of the concept of this section, the ideas presented 

above must be of a general nature. However, it is hoped that the 

basic ideas expressed Hill be of S011e value to the reader interested 

in broadening the knowledge of electrolytic polishing processes. 
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